While the rotatory properties of the a-helical and disordered (or randomly coiled) forms of the polypeptide chain are now rather well characterized and understood both in the ultraviolet and the visible spectral regions,'-4 the next most frequently occurring form, the ,3-configuration, has been much more elusive. Moreover, the number of proteins whose optical behavior cannot be explained in terms of particular proportions of a-helical and disordered residues grows,5' 6 and the possibility that these contain significant amounts of the (-configuration deserves careful evaluation. The recent X-ray structure determination of lysozyme7 reveals the presence of all three configurations, and hence the need to deal with the rotatory characterization of the (-form is no longer academic.
moved from view the behavior in the far ultraviolet, and in the visible it provided information of uncertain relevance to aqueous solutions.
The starting point of the work reported here has been the earlier observation13
that poly-L-lysine in alkaline solution is converted from the a-helical form to the f-configuration by heating. It was first necessary to ensure that the conversion was complete and then to determine whether the new form consists of single molecules or aggregates before undertaking a complete rotatory and circular dichroic study. In addition, use was made of infrared spectra to help identify the f-form, a copolymer of lysine and tyrosine was examined, and the rather unusual properties of the fl-configuration formed in neutral solution with sodium dodecyl sulfate were explored. Finally, it is shown that the optical rotatory dispersion (ORD) and the circular dichroism (CD) of several proteins that cannot be fitted by a combination of helical and disordered form characteristics can indeed be fitted by a combination of the contributions made by the fi and the disordered forms.
Methods.-Materials: Poly-Ilysine hydrobromide was exhaustively dialyzed against 0.01 N HC1, then glass-distilled water, and finally lyophilized in order to remove the highly absorbing bromide ions. Most observations were made on a sample of 58,000 mol wt. An L-tyrosine containing copolymer L96T4, of 450,000 mol wt, prepared by Dr. T. Gill, was also used. Concentrations were determined by Kjeldahl nitrogen analyses. A portion of the 58,000 mol wt sample was tritiated to give a specific activity of 1 mc/mg. The absence of racemization was checked by trypsin digestion and paper chromatography. a,-Acid glycoprotein was kindly supplied by Dr. K. Schmid. Its concentration was determined on a weight basis assuming 10% water content.5 av-Globulin from rabbit serum was kindly provided by Dr. T. Gill. Its concentration was based on E21lm/dl = 13.8.
Preparation of the 3-form in solution:
The concentration of poly-L-lysine HCl had to be below that which yielded aggregation upon heating in alkaline solution and yet high enough to permit optical measurements. A concentration of 0.01 gm/dl (0.6 mM) fulfilled these conditions. The pH was adjusted to 11 by adding 1 M NaOH (several 1Al from a micrometer syringe) with stirring.
This was then heated in a sealed container, often the optical cuvette, at 50'C for 10 min and cooled to 250 for measurements. Heating at higher temperatures or for longer times led to aggregation. For the copolymer the concentration had to be reduced [2] [3] [4] times further in order to avoid aggregation.
Infrared spectra: A Perkim-Elmer double beam spectrophotometer, model 21, was used. For solution work, samples were first dissolved in D20, lyophilized, dissolved again, diluted to the desired concentration, and brought to pD 12 with 1 M NaOD.14 A concentration of 0.1 gm/dl (6 mM) proved to be a suitable compromise between moderate aggregation and path length, the latter being 0.2 mm. At this concentration, scattering by the light opalescence was negligible.
Sedimentation rates in sucrose gradient: Sucrose gradients of 5-20% were established in polypropylene tubes of 4-ml capacity. A 0.2-ml sample of a 0.01 gm/dl solution containing tritiated poly-L-lysine was layered on top. The tubes were then spun at 39,700 rpm for 50 hr at 20°. About 20 fractions of 16 drops each were then collected in vials containing Bray's scintillation fluid and counted.
Optical rotatory dispersion: A Cary recording spectropolarimeter, model 60, was used throughout. A 2-mm path length cell was employed in the far ultraviolet and a 10-cm cell in the visible. A 0.1-mm cell was used for the concentrated solutions required for the infrared spectra. When possible, solutions were measured in both the 2-mm and 10-cm cells. The mean residue rotations, [m'], have been corrected for the refractive index of water.
Circular dichroism: These measurements were made on an instrument described by Holzwarth'5 employing an electrooptic plate in a modified Beckman I)K-2 spectrophotometer. Instrument performance was checked by reproducing reported circular dichroic spectra for a-helical poly-Llysine2 and camphor. 16 Ultraviolet spectra: A Beckman DK-2 spectrophotometer was employed with 2-mm quartz cells. The additional precautions of Rosenheck and Doty were observed. '3 VOL. 55, 1966 BIOCHEMISTRY: SARKAR AND DOTY 983
Results. Properties oj 3-fonr poly-L-lysine: In order to establish the ORD of the (-conformation in aqueous solution, it is essential that the sample under examination be free of other conformations. Two lines of argument demonstrate that the conversion achieved in this work is practically complete. In the one case the far ultraviolet spectra were found to be of the same nature as those already reported :13 none of the splitting apparent in the a-helix spectra could be seen in that of the (3-form. Similarly, when the ORD and CD were determined, none of the characteristic features of the a-helical or disordered conformations could be found in these.
The other evidence came from infrared spectra in D20, shown in Figure 1 . The low absorbances are due to the dilution at which it was necessary to work (see Methods Fig. 3 ).
However, the magnitudes were diminished by 20 and 40 per cent, respectively, presumably as a result of depolarization due to scattering. With the conformation established, the next step was to determine the molecular state of the (-form. Specifically, is the (-form a consequence of intra, or intermolecular hydrogen bonding? If it is the former, the sedimentaion constant should be much like that of the same sample in the other two forms. If it is the latter, the sedimentation should be much faster and reveal a wide distribution of sizes. To test this point, sedimentation had to be done at the working concentration of 0.01 gm/dl: this required the use of sucrose density gradient centrifugation with radioactive labeling. The sample was mixed with a tritiated sample of the same molecular weight in the proportion of 40: 1, the three forms were produced, and the results obtained are shown in Figure 2 . Assuming equal partial specific volumes, the relative sedimentation rates are found to be 1.0:0.7:0.5 for the coil, helix, and (-forms, respectively. Thus, the former case is clearly realized. This implies that the (3-form results from an accordion-like folding of single chains, resulting in an antiparallel arrangement of chain segments all in the same plane.
The ORD oj the three forms of poly-L-lysine: The mean residue rotations in the ultraviolet for the three conformations are plotted in Figure 3 . In a very rough way the ORD for the (3-form is seen to lie between that for the other two forms. Closer inspection shows, however, that it is distinctly different. The two dashed curves represent the ORD for mixtures of helix and coil rotations in 90: 10 and 50:50 proportions. This illustrates that mixtures of these two forms cannot mimic the ORD for the (-form. The unique characteristics of the s-form are the peak and trough at 205 and 230 mIA, respectively (as opposed to 198 and 232 m1A for the a-helix), the lower magnitude of the peak and trough (about half that of the a-helix), and the absence of the shoulder near 210 m1A which is so evident in the ORD of the a-helix.
The GIRD data in the near-ultraviolet and the visible is very well fitted with the Moffitt equation. The values of the characteristic parameters of these plots and the main features of the far-ultraviolet region are summarized in Table 1 together with results obtained on a second sample, the L-tyrosine copolymer, L96T4, which absorbs significantly in the ultraviolet region. The values for poly-L-lysine are the average of four sets of measurements: it is seen that the (-form in alkaline solution displays a bo value of -152 and a X, value of 241 m1A.
The Moffitt parameters were evaluated by means of the statistical treatment of Sogami et al."7 using a 1620 IBM computer. For the a-helical form the best values of Xo were 212 i 4 m1A for the region above 290 m1A. For the same range in the case of the (3 form, the best value was about 240 mjA, a value at which bo is nearly zero.
Thus, the ORD of the d-form can be fairly well fitted by a one-term equation, unlike the ORD of the a-helical form.
It is interesting to note that the Moffitt plots for the helix and (-form cross. As a result, the ORD for the (3-form cannot be represented by a linear combination of the ORD of the other two forms. Hence, it has its own characteristic dispersion at higher wavelengths as well as in the absorption region. The ORD in 0.06 M sodium dodecyl sulfate is shown in Figure 4 . In the ultraviolet region the peak and trough occur at the same wavelengths as reported for the /-form, 205 and 230 msu respectively, but the magnitude of the trough is greatly reduced. In the visible region the ORD falls continuously but remains positive.
This behavior is essentially unaffected by the concentration of sodium dodecyl sulfate (SDS) in the range of 0.06 M down to 0.005 M where precipitation occurs. Because of this the transition induced by the detergent could not be followed. Addition of SDS to the /3-form produced in alkali gives essentially the same ORD profile as observed in SDS at neutral pH. Further evidence that the molecular conformation in sodium dodecyl sulfate solution is the /-form was obtained from infrared spectra, ultraviolet spectra, and circular dichroic spectra. The infrared spectra of poly-L-lysine at pH 7 shows the amide I band at 1638 cm-' but in 0.03 M11 sodium dodecyl sulfate the band appears at 1610 cm-1, the location characteristic of the f-form (see Fig. 1 ). The ultraviolet spectra of both poly-L-lysine and the L-tyrosine copolymer at pH 7 Figure 5 for the a-helical, and the f-form derived from heating the alkaline solution.
In contrast to the two negative bands at 208 and 222 mIu for the a-helical form, the ORD which show the absence of any shoulder near 208 m,4 for the 3-form. This is a sensitive test for the absence of the helical form in both of the /-samples since even small amounts of the helical form display this band.2' Circular dichroism and optical rotatory dispersion of some proteins: The CD of four proteins are also shown in Figure 5 . The three other than lysozyme were chosen because they were known to have very little a-helical content and were candidates for proteins having some /3-structure.5 6 Keeping in mind that the CD of the disordered form is slightly positive from 225 to 210 m1A and then turns sharply negative, we see that the CD behavior of these three proteins is consistent with roughly 25-50 per cent /-form combined with disordered conformations for the remainder. The absence of the two-band feature would seem to eliminate the helical form.
Lysozyme, by contrast, shows the two-band pattern characteristic of the a-helix. The results shown are consistent with the X-ray structure assignment of about 10 per cent /3, 35 per cent helix, and 55 per cent disordered. Since the helical regions are not all of the a-conformation,7 a precise comparison seems unjustified.
The ORD in the far ultraviolet of the three proteins just discussed and /3-lactoglobulin taken from a recently published report22 are shown in Figure 6 . They share the common features of a peak near 205 mlt and a trough near 230 m1A, features that are consistent with the /-form but not with the a-helix or coil alone or in any combination. It was therefore tempting to see if this behavior could be reproduced by a combination of an optimal proportion of /-form and disordered-form ORD. The result for a mixture of 65 per cent /3 and 35 per cent disordered form is shown as a heavier line. The agreement is reasonably good although the trough is deeper than that of the proteins and no adjustment is possible using the /3-form data from the heated alkaline solution. However, the detergent form, with its much shallower trough, would permit a good fit in this region.
Discussion.-The most general conclusion to be drawn from this work is that the ORD and CD of the /3-conformation are distinctly different from those of the ahelical and disordered conformations. As a consequence the /3-conformation may be recognized when it occurs in significant amounts in globular proteins. Whereas the ultraviolet spectra of the disordered and the /-forms are not enough different to be of much analytical value even though that of the a-helical form is very different from the other two, each of the three forms gives a distinctive pattern in ORD and CD. The combined use of all three kinds of spectra in the ultraviolet together with the conventional use of ORD in the visible and near-ultraviolet range should provide an approximate breakdown of the conformational constitution of proteins and allow various transitions to be followed with considerable precision. However, two problems-important in their own right-must be dealt with if such analyses are to be made with confidence. One of these is the rationalization of the quite different rotatory properties observed for the /-form in different media. The variations may be due to solvent effects; or two different /-forms, the parallel and the antiparallel arrangements, may be involved, each of which may have distinctly different rotatory properties.
The published ORD in the near-ultraviolet and visible8-12 range all show positive values for ao and approximately zero values for bo. Thus they do not differ significantly from our results in sodium dodecyl sulfate. In the far-ultraviolet the differ- ence between this and the 13-form in alkaline solution is concentrated in the band which has its minimum at 230 myA in ORD and 218 mg in CD. This is surely the nr-7* transition, and its contribution to the ORD at higher wavelengths is sufficient to produce the difference in ao and bo observed, if it is subject to solvent perturbation. This seems to be a reasonable explanation. The peptide bonds in the molecular configuration indicated for the 13-form are much more exposed than in the a helix and because of their uniform orientation are particularly subject to identical interaction with solvent or detergent molecules. I\Ioreover, the alternative explanation, that the molecular configuration is quite different in alkaline and detergent solution, seems to be ruled out by the experiment in which the ORD of poly-L-lysine in alkaline solution was found to shift to that characteristic of sodium dodecyl sulfate when the latter was added. This result is much more consistent with the detergent molecule solvating the pre-existing #-form than with an extensive intramolecular rearrangement that would convert an antiparallel to a parallel chain arrangement. Thus we tentatively conclude that the antiparallel (-form is present in both the alkaline and detergent solutions, that the n-7r* transition is sensitive to solvent and thereby exhibits behavior of one kind in water and another in organic solvents or with detergent, and that the 7r-7r* transitions are essentially unaffected by these different environments.
The shallow trough at 230 mji found for the proteins is much more consistent with the trough found for the 1-form in detergent solution. This is compatible with the above view that the environment of the regions of (3-conformation of the proteins is probably closer to that of organic molecules than to water.
The other problem requiring attention is the theoretical analysis of the rotatory properties of the parallel and antiparallel forms of the (3-configuration. This will be dealt with in a forthcoming paper.
One other observation with respect to the far-ultraviolet rotatory properties of the proteins seems justified. This is that the four proteins examined do have ORD and CD characteristics very close to that observed for what we believe to be the antiparallel 1-form. If the rotatory properties of the parallel form are distinctly different, then it appears that the antiparallel form is of much more frequent occurrence, much as the right-handed a-helix is found almost to the exclusion of the left handed alternative. 23 Near the end of this work we learned of the investigations of Jizuka and Yang24 on the ,8-form of silk fibroin. The ORD and the CD are similar to that found here, but their data extend to lower wavelengths.
Summary.-Poly-L-lysine and an L-tyrosine copolymer have been converted to ,8-form by heating in alkaline solutions. Aggregation is suppressible, and the product appears to consist of single molecules in planar, folded configurations producing the antiparallel chain arrangments. This form has a trough at 230 mg (m' = -6400), a peak at 205 mrn (m' = +22,000) in the ORD, and a trough at 218 M11 (0 = -23,000) in the CD. A similar configuration is produced at neutral pH with the addition of sodium dodecyl sulfate. Here the trough is more shallow, presumably because of solvent perturbation on the n-7r* transition. Outside the absorption band the ORD is characterized by ao = -340, bo = -152 for the alkaline solution form, and by ao = 174 and bo = -9 for the form in detergent solution. Several proteins are shown to have ORD and CD spectra very similar to that expected
